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Introduction
GDNF is a distant member of the transforming growth factor β superfamily that was originally isolated from the rat B49 glial cell line (Lin et al., 1993) . GDNF is expressed throughout the central nervous system during development (Schaar et al., 1993; Stromberg et al., 1993; Choi-Lundberg & Bohn, 1995; Nosrat et al., 1996) , and is also expressed in the adult brain, albeit in more restricted areas. High levels of the growth factor are found in the striatum (dorsal striatum and nucleus accumbens), thalamus, cortex and hippocampus (Springer et al., 1994; Choi-Lundberg & Bohn, 1995; Nosrat et al., 1996; Pochon et al., 1997; Trupp et al., 1997; Golden et al., 1998; Golden et al., 1999; Barroso-Chinea et al., 2005) . Although GDNF is expressed in astrocytes, in the adult brain GDNF is mainly expressed and detected in neurons (Pochon et al., 1997; Barroso-Chinea et al., 2005) . As described below, a major site of action of GDNF is the midbrain in which the growth factor is expressed at low levels under basal conditions (Golden et al., 1998; Semba et al., 2004; He et al., 2005) . The major source of GDNF to the midbrain is the striatum where GDNF is retrogradely transported by dopaminergic neurons of the substantia nigra pars compacta (SNc) and the ventral tegmental area (VTA) (Tomac et al., 1995b; Lapchak et al., 1997; Kordower et al., 2000; Ai et al., 2003; Barroso-Chinea et al., 2005 Treanor et al., 1996; Trupp et al., 1996; Eketjall et al., 1999) . Ret is the product of the c-ret proto-oncogene and is a receptor tyrosine kinase (Tsui-Pierchala et al., 2002a) . Activation of the GDNF pathway is initiated via the ligation of GDNF to its co-receptor, GDNF family receptor α1 (GFRα1), which is a glycosylphosphatidylinositol (GPI)-linked membrane-associated protein (Jing et al., 1996; Treanor et al., 1996; Eketjall et al., 1999) , and the recruitment of Ret to the GFRα1-GDNF complex (Jing et al., 1996) (Fig. 1 ). GFRα1-Ret association can occur when both are expressed on the same cell (cis signaling), or when GFRα1 is presented in a soluble form (trans signaling) (Paratcha et al., 2001) (Fig. 1) . Upon complex formation, Ret is activated by autophosphorylation (Durbec et al., 1996; Coulpier et al., 2002) , leading to the activation of the mitogen-activated protein kinase (MAPK) extracellular signal-regulated kinase 1/2 (ERK1/2), as well as the phosphatidylinositol 3 kinase (PI3K) and phospholipase Cγ (PLCγ) cascades (Airaksinen & Saarma, 2002) (Fig. 1 ).
GFRα1 and Ret are expressed in several brain regions in the developing and adult brain, including the cerebellum, hypothalamic nuclei, the amygdala and the hippocampus (Trupp et al., 1997; Glazner et al., 1998; Golden et al., 1998; Burazin & Gundlach, 1999; Golden et al., 1999; Matsuo et al., 2000) . Very low or negligible levels of GFRα1 and Ret are detected in the striatum, however the receptors are particularly abundant in the SNc and the VTA (Trupp et al., 1997; Glazner et al., 1998; Golden et al., 1998; Burazin & Gundlach, 1999; Golden et al., 1999; Matsuo et al., 2000; Sarabi et al., 2001; Jain et al., 2006) . Interestingly, the distribution of GFRα1 and Ret expression does not necessarily overlap. For example, GFRα1, but not Ret, is expressed in the cortex and adult hippocampus (Trupp et al., 1997; Glazner et al.,1998; Golden et al., 1998; Burazin & Gundlach, 1999; Golden et al., 1999) . The absence of Ret in these brain regions suggests the existence of GDNF signaling pathways that are independent of Ret. To this effect, Paratcha et al. (2003) reported that GDNF also signals via a direct interaction of GDNF with the neural cell adhesion protein, NCAM. This mode of activation results from the association of GFRα1 with NCAM, which promotes high-affinity binding of GDNF to NCAM (Paratcha et al., 2003) . The association of GDNF to the adhesion receptor leads to the activation of the Src family of tyrosine kinases including Fyn, and the subsequent stimulation of Schwann cell migration and axonal outgrowth in hippocampal and cortical neurons (Paratcha et al., 2003) . Interestingly, Chao et al. reported that the functional blockade of NCAM with anti-NACM inhibitory antibodies antagonizes the effects of GDNF on midbrain dopaminergic neurons in vitro and in vivo (Chao et al., 2003) , suggesting a role for this pathway even in brain regions that express Ret.
An important factor in the regulation of the GDNF pathway is the compartmentalization of its receptors within or outside of lipid rafts. Lipid rafts are membranal microdomains that contain high levels of cholesterol, sphingolipids and GPI-anchored membranal proteins, and are thought to function as platforms for signaling cascades (Harding & Hancock, 2008; Kinoshita et al., 2008) . In neurons, lipid rafts play an important role in growth factor signaling, cell adhesion, axon guidance and synaptic transmission (Tsui-Pierchala et al., 2002b) . The GPI-linked GFRα1 is localized, at least in part, to lipid rafts, and upon GDNF binding to GFRα1, the complex recruits Ret into the rafts, leading to the activation of the receptor and to the association of Ret with the downstream kinase, Src (Tansey et al., 2000; Encinas et al., 2001) . Soluble GFRα1 (trans activation) can also recruit Ret into the lipid rafts, however at a much slower rate (Paratcha et al., 2001) , and interestingly, Pierchala et al. (2006) , recently showed that lipid rafts play an important role in protecting the Ret receptor from proteosome-dependent degradation.
The most well-documented consequence of the activation of GDNF-mediated signaling cascades is an increase in gene transcription (Trupp et al., 1999; Hayashi et al., 2000; Jongen et al., 2005) . For example, GDNF was found to increase the expression of the calcium binding protein frequenin (Wang et al., 2001) , and the expression of the bone marrow zinc finger 3 (BMZF3) was increased in neuroblastoma cells upon incubation with GDNF . Activation of the PI3K signaling pathway in substantia nigra neurons by GDNF leads to increased expression of yet another calcium binding protein, Calbindin . We showed that the activation of the MAPK pathway by GDNF leads to the initiation of a positive autoregulatory loop in which the growth factor upregulates its own expression resulting in a sustained activation of Ret . Interestingly, a recent study identified a transmembrane protein, Lrig1, that acts to negatively regulate the GDNF-mediated pathway by interacting with Ret, resulting in the inhibition of GDNF binding and the activation of the MAPK (Ledda et al., 2008) . It would be of great interest to determine possible interaction between the positive and negative mechanisms of activation of the GDNF signaling pathways.
GDNF's functions
GDNF promotes survival of mesencephalic dopamine neurons in culture (Lin et al., 1993) and plays an essential role in the development and survival of motor neurons, the development of sympathetic and sensory neurons, and kidneys (Moore et al., 1996; Pichel et al., 1996; Sanchez et al., 1996) , as well as in hippocampal synaptogenesis (Ledda et al., 2007) . GDNF was also shown to promote survival and re-growth of dopaminergic neurons in the adult brain following injury (Beck et al., 1995; Tomac et al., 1995a; Hou et al., 1996) , and is an essential factor for the maintenance and survival of adult dopamine neurons (Pascual et al., 2008) . For example, repeated injections of GDNF adjacent to the SN prevented axotomy-induced loss of tyrosine hydroxylase (TH)-expressing neurons in that brain region (Beck et al., 1995) , and adenoviral delivery of GDNF into the SN protected against degeneration of dopamine neurons following injection of 6-hydroxydopamine in the striatum (Choi-Lundberg et al., 1997) . Injection (Tomac et al., 1995a) or lentiviral delivery (Kordower et al., 2000) of GDNF into the SN and striatum protected against nigrostriatal degeneration induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), which is toxic to dopaminergic neurons. GDNF has also been shown to selectively protect dopaminergic neurons, as compared to serotonergic neurons, against the neurotoxic effects of methamphetamine (Cass, 1996) . As such, its potential as a therapeutic agent for the treatment of pathologies such as Parkinson's disease has been widely explored (Georgievska et al., 2002; Eslamboli et al., 2003; Azzouz et al., 2004; Kirik et al., 2004; Eslamboli et al., 2005) . Several studies suggested that GDNF also regulates neuronal excitability and transmitter release (Wang et al., 2001; Yang et al., 2001; Wang et al., 2003; Kobori et al., 2004) . For example, GDNF treatment of mesencephalic dopaminergic neurons in culture, rapidly activates the MAPK pathway, resulting, within minutes, in an increase in the excitability of the neurons by inhibition of A-type potassium channels . GDNF exposure in the striatum increases dopamine neuronal sprouting (Hudson et al., 1995) , and dopamine levels in adult rats (Hebert et al., 1996) . In cultured VTA neurons, chronic treatment with GDNF is reported to increase the number of synapses onto dopaminergic, but not GABAergic, neurons, and to enhance dopamine and glutamate release (Bourque & Trudeau, 2000) . GDNF signaling also mediates neuronal migration and chemotaxis (Tang et al.,1998) , and was shown to produce analgesia in models of neuropathic pain (Sakai et al., 2008) . Finally, the growth factor was reported to contribute to learning and memory, as mice with a deletion of one copy of the GDNF gene are impaired in the acquisition of a spatial memory task (Gerlai et al., 2001) .
Taken together, these findings indicate that GDNF can alter the function and activity of neurons through a combination of short-term effects on ion channels and longer-term effects on gene regulation and synaptic remodeling.
GDNF and addiction
As described above, GFRα1 and Ret are highly expressed in VTA dopaminergic neurons. Dopaminergic neurons within the VTA are a critical component of the neural circuitry implicated in addictive behaviors. All drugs of abuse increase the level of extracellular dopamine in the NAc of rodents (Di Chiara & Imperato, 1988) and humans (Volkow et al., 2007) , and alteration of the dopaminergic transmission modulates self-administration of drug of abuse and relapse (Koob et al., 1998; Hyman et al., 2006) . Over the past several years, accumulating evidence suggests that GDNF plays a regulatory role in the actions of drugs of abuse, including psychostimulants, morphine and alcohol (ethanol). Interestingly, most of the studies described below suggest that activation of the GDNF pathway results in the attenuation of biochemical and behavioral changes observed upon exposure of rodents to drugs of abuse. The studies described in this chapter are also summarized in Table 1 .
GDNF and psychostimulants
The first report on the intriguing function of GDNF in addiction came out of Nestler's group who showed that infusion of GDNF into the VTA blocked or reversed increases in the NR1 subunit of the NMDA receptor and the level of TH in the VTA, as well as increases in ΔFosB and the catalytic subunit of protein kinase A in the NAc induced by repeated exposure to cocaine (Messer et al., 2000) . Importantly, they found that intra-VTA infusion of GDNF was also effective in reducing conditioned place preference (CPP) to cocaine (Messer et al., 2000) . In line with these data, transplantation of GDNF overexpressing cells, delivery of nanoparticles conjugated to GDNF, as well as continuous infusion of GDNF via a micro-osmotic pump into the striatum, was shown to impede acquisition of cocaine self-administration in rats (Green-Sadan et al., 2003; Green-Sadan et al., 2005) .
Interestingly, several studies suggest that the endogenous GDNF system is altered in response to exposure to stimulants. Specifically, GDNF expression in the NAc was found to be increased 24 h after repeated exposure to methamphetamine (Niwa et al., 2007c) , as well as in the VTA after repeated phencyclidine (PCP) exposure (Semba et al., 2004) . In addition, 12 days of cocaine self-administration decreased GDNF expression in the dorsal striatum, but not in the NAc (Green-Sadan et al., 2003) . Finally, the basal phosphorylation (i.e., activation) level of Ret was reduced in the midbrain of mice after repeated systemic administration of cocaine (Messer et al., 2000) . Since exogenous administration of GDNF inhibits the biochemical and behavioral adaptation to cocaine, and repeated exposure to psychostimulants changes GDNF levels and the GDNF signaling pathway, it may be possible that endogenous GDNF plays a role in the regulation of the effects of psychostimulants. In agreement with this hypothesis, Messer et al. showed that intra-VTA infusion of anti-GDNF neutralizing antibodies, which prevent GDNF from binding and thus activating its receptors, resulted in increased sensitivity of mice to the rewarding effect of cocaine (Messer et al., 2000) . Furthermore, GDNF heterozygote (HET) mice, which have significantly lower GDNF levels compared to wild-type (WT) (Airavaara et al., 2004; Griffin et al., 2006; Niwa et al., 2007c; Yan et al., 2007) , exhibit increased sensitivity to the rewarding effect of cocaine and methamphetamine (Messer et al., 2000; Niwa et al., 2007c) . In addition, motivation to selfadminister and to seek methamphetamine is potentiated in GDNF HET mice (Yan et al., 2007) . In this elegant study, Yan et al. (2007) showed a faster acquisition of methamphetamine self-administration, a dramatic upward shift in the dose-response curve for methamphetamine self-administration, and an increased breaking point under a progressive-ratio reinforcement schedule in the HET mice compared to their WT littermates. An increase in methamphetamine-priming-and cueinduced reinstatement of methamphetamine seeking after prolonged withdrawal was also evidenced in these mice (Yan et al., 2007) . Messer et al. (2000) also found that GDNF HET mice were more vulnerable to cocaine-induced psychomotor sensitization than their WT littermates. However, using the same dose of cocaine and the same protocol of sensitization, Airavaara et al. (2004) observed a similar degree of sensitization in the GDNF HET and WT mice, and recently Yan et al. (2007) , showed that the level of psychomotor sensitization to methamphetamine is the same in both genotypes. These results suggest that GDNF may not significantly contribute to the mechanisms that underlie the enhancement in locomotor activity in response to psychostimulants. Nevertheless the data presented above provide strong evidence that GDNF is a negative regulator of some biochemical and behavioral adaptations to psychostimulants.
GDNF and opioids
Similar to psychostimulants, some data suggest that GDNF negatively regulates opioid-related phenotypes. Specifically, intra-VTA infusion of GDNF was shown to inhibit increases in TH levels in the VTA induced by chronic exposure to morphine (Messer et al., 2000) . Conversely, repeated morphine administration increases GDNF expression in the NAc (Niwa et al., 2007a) . GDNF transgenic mice were also used to test the contribution of endogenous GDNF to mechanisms that reduce sensitivity of mice to morphine. Compared to WT mice, GDNF HET mice were more sensitive to the psychomotor effects of a challenge injection of morphine after repeated morphine administration (Airavaara et al., 2007) , and exhibited greater place preference to morphine than the WT mice (Niwa et al., 2007a ; but see Airavaara et al., 2007) . Acute and challenge injection of morphine have also been shown to produce a greater increase in accumbal extracellular dopamine levels in the GDNF HET than in the WT mice (Airavaara et al., 2006 (Airavaara et al., , 2007 , suggesting an important role of GDNF in regulating the striatal dopamine response to opioids. Interestingly, this effect was not observed with an acute administration of cocaine (Airavaara et al., 2004) . Cocaine increases dopamine extracellular concentration by blocking its reuptake at the synaptic level, whereas morphine does so by stimulating VTA dopaminergic neurons (Koob et al., 1998) . Therefore, it is plausible that GDNF regulates dopamine response by acting directly on the excitability of the dopaminergic neurons within the VTA, but not on dopamine release mechanisms.
GDNF and ethanol
Over the past several years, we have accumulated data that implicate GDNF in the negating the mechanism that underlies ethanol-drinking behaviors. We found that a single administration of GDNF into the VTA of rats results in a rapid reduction of operant selfadministration of ethanol (He et al., 2005; Carnicella et al., 2008) . Importantly, we found that administration of GDNF into the VTA reduced consumption of moderate levels of ethanol in a paradigm that resembles social drinking, as well as in models of excessive and binge drinking of ethanol (He et al., 2005; Carnicella et al., 2008; Carnicella et al., 2009b) . Specifically, GDNF in the VTA attenuated rat operant selfadministration of a solution of 10% ethanol, which result in a moderate amount of ethanol intake (0.4-0.6 g/kg/1 h) (He et al., 2005; Carnicella et al., 2008) . GDNF infusion in the VTA also reduced lever presses for a 20% solution of ethanol that resulted in a much higher level of ethanol consumption (0.8 g/kg/30 min) (Carnicella et al., 2008) . In addition, intra-VTA administration of GDNF was effective in decreasing ethanol consumption in rats that were trained to drink high levels of a 20% ethanol solution in an intermittent-access 2-bottle choice drinking paradigm (Carnicella et al., 2008) . This paradigm produces a "binge-like" drinking behavior, as a high level of ethanol is consumed in a very short period of time at the beginning of the session (1.4 g/kg/30 min), leading to an average blood ethanol concentration of 80 mg% (Carnicella et al., 2009b) . Together, these results suggest that intra-VTA administration of a single dose of GDNF leads to a marked decrease in ethanol drinking behaviors. Interestingly, the decrease in ethanol self-administration was long-lasting and was observed 3 h (Carnicella et al., 2008) , 12 h, and even 24 h after a single injection of GDNF (Fig. 2) . GDNF's actions to reduce ethanol self-administration are likely to be localized to the VTA, as infusion of the growth factor into the neighboring midbrain region, the SNc, did not alter ethanol selfadministration (Carnicella et al., 2008) . Importantly, the actions of GDNF to reduce ethanol consumption are specific for ethanol and are not due to a reduction of general reward or changes in locomotor activity, as the growth factor had no effect on operant self-administration of sucrose (Carnicella et al., 2008) . Importantly, we found that the activation of the GDNF pathway in the VTA reduces rat self-administration of ethanol in a paradigm that models relapse. Intra-VTA infusion of GDNF 10 min before the beginning of the session blocked the reacquisition of operant responding for ethanol after a period of extinction (Carnicella et al., 2008) . In summary, our data suggest that GDNF is a potent, rapid inhibitor of excessive consumption of, and relapse to, ethanol.
We also determined the signaling pathway by which GDNF mediates its rapid actions to reduce ethanol-drinking behaviors. As described above, the main signaling pathways activated via GDNFmediated Ret activation are the MAPK, PI3K and PLCγ (Fig. 1) . We found that GDNF in the VTA activates the MAP kinase ERK1/2, and that a specific inhibitor to the upstream kinase that phophorylates and activates MAPK, MEK (Sweatt, 2001 ), but not an inhibition to PI3K, blocked GDNF-mediated reduction in ethanol self-administration (Carnicella et al., 2008) . We were unable to test the contribution of the PLCγ pathway since the inhibitor of this pathway reduced ethanol self-administration (Carnicella et al., 2008) . This could be due to the fact that the kinase downstream of PLCγ, protein kinase C (PKC) (Fig. 1) , is activated under basal conditions and may be directly involved in ethanol-drinking behaviors (Newton & Ron, 2007) .
The effector proteins downstream of GDNF-mediated ERK1/2 activation that mediate the reduction in ethanol consumption are unknown. However, since the effect of GDNF is so rapid, the initial action of the growth factor is likely to be via a non-genomic mechanism. GDNF was shown to rapidly inhibit the activity of Atype potassium channel currents in primary midbrain neurons via a mechanism that requires the activation of the MAPK pathway ). Therefore, it is possible that GDNF, via the inhibition of an A-type potassium channel, alters the excitability of the neurons in the VTA, leading to the decrease in ethanol self-administration.
Like other growth factors, GDNF induces several transcriptional changes that could underlie the long-lasting actions of the growth factor (Fig. 2) . For example, GDNF was reported to increase the expression of the dopamine transporter (Consales et al., 2007) , inducing modifications of the mesolimbic system that persist beyond the activation and termination of GDNF signaling. Another possible mechanism is the sustained activation of the GDNF pathway, as we recently showed that GDNF upregulates its own expression, leading to a prolonged activation of the GDNF signaling pathway ). In addition, several studies suggest a role for GDNF in the regulation of tyrosine hydroxylase, the rate-limiting enzyme in the biosynthesis of dopamine (Nagatsu et al., 1964; Levitt et al., 1965) , in the midbrain (Messer et al., 2000; Rosenblad et al., 2003; Georgievska et al., 2004) . For example, GDNF overexpression by lentiviral delivery in the striatum reduced mRNA and/or protein levels of TH in the SN (Rosenblad et al., 2003; Georgievska et al., 2004 ) and the VTA (Rosenblad et al., 2003) . Increased levels of GDNF were also associated with a decrease in TH enzyme activity and dopamine levels in striatum (Sajadi et al., 2005) . Furthermore, infusion of GDNF into the VTA reverses chronic cocaineor morphine-induced increase in TH protein levels in this brain region (Messer et al., 2000) . Upregulation of TH levels has been reported as one of the hallmarks of biochemical adaptations to in vivo chronic exposure to drugs of abuse, including ethanol (Beitner-Johnson & Nestler, 1991; Ortiz et al., 1995; Self et al., 1995; Ortiz et al., 1996; Messer et al., 2000; Belin et al., 2007) , and we recently showed that in a dopaminergic-like cell line, an ethanol-mediated increase in TH protein levels is reversed by GDNF (He & Ron, 2008) . Interestingly, we observed that ethanol treatment resulted in an increase in TH association with the chaperone heat shock protein 90 (HSP90), and this biochemical adaptation was reversed by GDNF, leading to the degradation of TH (He & Ron, 2008) . Taken together, these data suggest that prolonged ethanol exposure leads to increased association of TH and HSP90, resulting in the stabilization and subsequent accumulation of TH, and that GDNF reverses this ethanol-mediated adaptation by inhibiting the interaction of TH with HSP90 (Fig. 3) . At this point we cannot directly tie the effects of GDNF on ethanol drinking behaviors to this GDNF-mediated action on the protein stability of TH, however, our present study suggests that GDNF may act as a negative regulator of various adaptations to prolonged in vivo exposure to ethanol. Finally, using the transgenic GDNF HET mice and their WT littermate controls, we tested whether endogenous GDNF contributes to the regulation of ethanol-drinking behaviors. We found that the reduction in the level of endogenous GDNF resulted in increased ethanol consumption after a period of abstinence (Carnicella et al., submitted) . Increased ethanol intake after a period of deprivation was also observed in mice with a reduced level of the GDNF receptor, GFRα1, as compared to their WT littermates (Carnicella et al., submitted) . These results, together with our previous observation that application of GDNF into the VTA prevented relapse to ethanol self-administration in rats (Carnicella et al., 2008) , suggest that GDNF plays an important role in controlling ethanoldrinking behaviors after a period of abstinence, and put forward the possible use of agents that activate the GDNF pathway as potential drugs to prevent relapse. The potential role of GDNF as a novel therapeutic approach to treat addiction to alcohol and drugs of abuse is discussed below.
GDNF and non-drug reinforcers
In contrast to its actions on drugs of abuse, GDNF does not affect intake of non-drug rewarding and/or reinforcing substances. For example, intra-VTA administration of GDNF did not alter operant sucrose self-administration (Carnicella et al., 2008) , and transplantation of GDNF overexpressing cells or delivery of nanoparticles conjugated to GDNF did not alter operant water self-administration in water-restricted rats (Green-Sadan et al., 2003; Green-Sadan et al., 2005) . In addition, although intra-VTA administration decreased excessive ethanol intake in a 20% ethanol intermittent-access 2-bottle choice drinking paradigm, the total fluid intake was unchanged as the reduction of fluid consumption due to the decrease in ethanol intake was compensated for by an increase in water intake (Carnicella et al., 2009b) . Similarly, no differences were found in operant food self-administration and reinstatement of food-seeking between GDNF HET and WT mice (Yan et al., 2007) . A small but significant increase in sucrose and saccharin self-administration was seen in GDNF HET mice compare to WT littermates (Griffin et al., 2006; Carnicella et al., submitted) . However, this change was not observed in GFRα1 mice, and one week of abstinence resulted in similar levels of saccharin intake in the GDNF HET and WT mice (Carnicella et al., submitted) , suggesting that the changes in the intake of sweet substances observed in the GDNF HET mice might be due to compensatory mechanisms resulting from the global reduction of the gene throughout development.
GDNF as a possible target to treat addiction
Taken together, the data described above support a selective role for GDNF in the regulation of drugs of abuse-related behaviors and suggest that upregulation of the GDNF pathway may be a valuable strategy to combat several forms of addiction. However, it is unlikely that GDNF itself could be used as a therapeutic agent. GDNF is a 24 kDa protein that cannot readily cross the blood-brain barrier (Kastin et al., 2003; Kilic et al., 2003) , and its delivery to the brain requires intracerebral or intracerebroventricular surgical interventions that may be not desirable or applicable for the treatment of drug and alcohol abuse and dependence. There are at least two alternative approaches to overcome this major caveat: enable the penetration of GDNF by its conjugation or fusion to peptides or protein transduction domains that undergo transport across the blood-brain barrier (Albeck et al., 1997; Kilic et al., 2003; Boado et al., 2008) , or the use of small molecules that can be applied systemically to increase the production of GDNF or activate its receptors. Studies suggesting the possible feasibility of the second approach are summarized below and in Table 2 .
Ibogaine-mimetics
Ibogaine is a natural alkaloid reported to reverse the adverse actions of multiple drugs of abuse including opiates, psychostimulants, nicotine Fig. 2 . Persistent decrease of operant ethanol self-administration after intra-VTA GDNF infusion. Long-Evans rats were trained for 2 months to press on a lever to obtain 0.1 ml of a 10% ethanol solution during 1 h sessions. Upon establishing a baseline of ethanol intake, cannulae were implanted in the VTA, and rats were microinjected with GDNF (10 μg/side) or vehicle (PBS), 12 or 24 h before the beginning of the operant self-administration session. A two-way ANOVA showed a significant effect of treatment (F (1, 10) = 12.74, p b 0.01), no effect of time (F (1, 10) =0.01, p = 0.93), and no interaction between both factors (F (1, 10) = 0.17, p = 0.69). n = 11. Data are shown as mean ± SEM. ⁎p b 0.05, ⁎⁎p b 0.01. and alcohol in humans, as well as in rodent models (Popik et al., 1995; Mash et al., 1998; Glick & Maisonneuve, 2000; Alper et al., 2008; Maciulaitis et al., 2008) . Despite its attractive properties, Ibogaine can induce severe side-effects such as hallucinations, whole-body tremors and ataxia that may be related to neurotoxicity in the cerebellum and dysregulation of the cardiovascular system (O'Hearn & Molliver, 1993; Popik et al., 1995; Maas & Strubelt, 2006; Maciulaitis et al., 2008) . We previously demonstrated that systemic administration of low non-toxic doses of Ibogaine in rats reduces ethanol self-administration and relapse (He et al., 2005) . We were therefore interested in identifying the molecular pathway mediating the beneficial actions of Ibogaine on ethanol-drinking behaviors. We found that Ibogaine increased GDNF expression resulting in the activation of the GDNF pathway (He et al., 2005) . Importantly, we showed that the actions of Ibogaine to reduce ethanol intake were localized to the VTA, and that infusion of anti-GDNF neutralizing antibodies into the VTA attenuated the Ibogaine-mediated decrease in ethanol self-administration (He et al., 2005) . Together, these results suggest that the desirable actions of this drug are mediated, as least partially, by GDNF. A potential strategy to overcome these undesirable actions of Ibogaine is the use of derivatives that share only its valuable actions. In this regard, the main metabolite of Ibogaine, noribogaine, and 18-methoxycoronaridine (18-MC) a synthetic congener, may have promising profiles. Noribogaine has been shown to induce a long-lasting reduction in morphine and cocaine, but not water, self-administration in rats (Glick et al., 1996b) , and 18-MC was found to reduce morphine, psychostimulant and nicotine self-administration, as well as ethanol intake in rodents, without affecting water consumption (Rezvani et al., 1997; Maisonneuve & Glick, 2003) . Importantly, in contrast to Ibogaine, noribogaine and 18-MC have no tremorigenic effects (Glick et al., 1996b; Baumann et al., 2001; Maisonneuve & Glick, 2003) , and no evidence of cerebellar toxicity was found for 18-MC in rats, even after administration of a high dose (Glick et al., 1996a) . Taken together, these data suggest that Ibogaine derivatives may be an effective treatment of addiction and safer than the parent compound. However, it should be noted that it is currently unknown whether the desirable actions of noribogaine and 18-MC are mediated by GDNF.
Leucine-isoleucine (Leu-Ile)
The hydrophobic dipeptide Leu-Ile was designed from a part of the immunophilin-binding site of the immunosuppressant drug FK506 (Kaminska et al., 2004) . Leu-Ile was shown to increase GDNF mRNA and protein levels in cultured hippocampal neurons (Cen et al., 2006; Niwa et al., 2007c) through Akt/cAMP response element binding protein (CREB) signaling (Cen et al., 2006) . Importantly, repeated systemic administration of Leu-Ile was also shown to upregulate GDNF protein levels in the striatum in vivo , and to potentiate the increase in striatal GDNF observed after repeated exposure to methamphetamine and morphine (Niwa et al., 2007a; Niwa et al., 2007c) . Niwa and collaborators further showed that systemic injections of Leu-Ile inhibited the development and expression of methamphetamine-and morphine-induced place preference, and locomotor sensitization in mice (Niwa et al., 2007a; Niwa et al., 2007b; Niwa et al., 2007c) . In contrast, Leu-Ile did not prevent naloxone-precipitated withdrawal from morphine (Niwa et al., 2007b) . No significant reduction of place preference for morphine or methamphetamine was observed in GDNF HET mice after Leu-Ile treatment (Niwa et al., 2007a; Niwa et al., 2007c) , however, the authors did not show the efficacy of Leu-Ile in the WT littermates, and therefore the interpretation of the results is difficult. Nevertheless, these data suggest that GDNF-inducing agents such as Leu-Ile can be used to attenuate psychomotor sensitization and rewarding properties of methamphetamine and morphine.
Cabergoline
Cabergoline (Cabaser, Dostinex) is an FDA-approved drug for the treatment of hyperprolactinemia (Webster et al., 1994; Colao et al., 2006) that has also been used as an adjunctive or mono-therapy for Parkinson's disease (Bonuccelli, 2003; Jankovic & Stacy, 2007) . Cabergoline is a dopamine D2-like receptors agonist which was reported to also act as an agonist of the dopamine D1 and several serotoninergic subtypes receptors, and to inhibit the α2-adrenoceptors Newman-Tancredi et al., 2002a,b) . Interestingly, cabergoline was also shown to increase GDNF expression and secretion in cultured astrocytes (Ohta et al., 2003; Ohta et al., 2004) . We recently tested the potential use of cabergoline for the treatment of alcohol abuse in preclinical rodent models. We found that cabergoline also increased GDNF expression and the subsequent activation of the GDNF pathway in the dopaminergic-like SH-SY5Y cell line (Carnicella et al., 2009a) . Systematic administration of cabergoline resulted in an increase in GDNF expression in the VTA (Carnicella et al., 2009a) , the site of action of GDNF to reduce ethanol consumption and relapse (He et al., 2005; Carnicella et al., 2008; Carnicella et al., 2009a) . Importantly, we found that systemic administration of cabergoline significantly reduced operant ethanol, but not sucrose, self-administration in rats (Carnicella et al., 2009a) . This action of cabergoline is likely to be mediated by the VTA, as microinjection of cabergoline into this brain area was highly effective in reducing operant ethanol self-administration (Carnicella et al., 2009a) . Moreover, systemic administration of cabergoline reduced both the reacquisition of operant responding for ethanol after a period of extinction and cue-induced ethanol-seeking after abstinence, two different models of relapse (Carnicella et al., 2009a) . Finally, cabergoline was also effective in selectively decreasing ethanol intake in C57BL/6J and GDNF WT mice, but not in the GDNF HET mice (Carnicella et al., 2009a) . Together, these results suggest that cabergoline decreases ethanol-drinking and -seeking behaviors, and that these effects are mediated via upregulation of the GDNF pathway in the mesolimbic system. Interestingly, a pilot study was conducted on the efficacy of cabergoline in reducing cocaine use in addicts. Cabergoline significantly reduced cocaine use over the 8 weeks of treatment, as evaluated by analysis of cocaine metabolite levels in urine samples and self-report of substance use (Shoptaw et al., 2005) . Importantly, the beneficial effect of cabergoline on cocaine use was shown with a weekly dose of 0.5 mg, a low, safe and well-tolerated dose (Webster et al.,1994; Colao et al., 2006) that circumvents the increasing prevalence of cardiac valvulopathy induced by high-doses of cabergoline (2-6 mg/day) used in Parkinsonian patients (Delgrange, 2006; Zanettini et al., 2007) . Together, these data suggest that cabergoline could be a potentially safe and effective treatment against alcoholism and other drug addictions.
Other potential GDNF expression inducers and mimetics
Listed below are several small molecules that have been reported to increase the expression of GDNF or activate the GDNF signaling pathway. However, their potential to alter behaviors associated with exposure to drugs of abuse remains to be tested. XIB4035 is small molecule that was reported to bind GFRα1, leading to the recruitment and activation of Ret and to the neurotrophic effects of GDNF in neuron-2A cells (Tokugawa et al., 2003) , suggesting that XIB4035 could be used as a GFRα1/Ret agonist. Smilagenin (also known as PYM50028 (Cogane)) is a small molecule that was shown to increase the GDNF message in cultured mesencephalic neurons . Smilagenin, given orally to mice, was reported to increase the level of GDNF protein in the striatum (Visanji et al., 2008) . In addition, an active metabolite of vitamin D, 1,25-Dihydroxyvitamin D 3 , was also shown to increase GDNF expression in a rat glioma cell-line (Naveilhan et al., 1996) and GDNF release in human glioblastoma cells (Verity et al., 1999) . Moreover, systemic injection of this molecule increases striatal GDNF mRNA and protein expression in rats (Sanchez et al., 2002) . Similarly, the monamine oxydase inhibitors developed for the treatment of neurodegenerative diseases, ladostigil (currently in Phase IIa clinical trials) and its parent compound rasagiline (FDAapproved) (Youdim & Van der Schyf, 2007) , were shown to be potent upregulators of GDNF mRNA levels in human neuroblastoma cell lines (Maruyama et al., 2004; Weinreb et al., 2007) , raising the possibility that these drugs may be used as therapeutics to treat addiction.
Summary
The present reviewed data suggest that GDNF negatively regulates the actions of drugs of abuse, as reducing endogenous GDNF levels or inhibition of the GDNF pathway increases several biochemical and behavioral adaptations to psychostimulants, opioids and ethanol, whereas GDNF administration in the mesolimbic system results in opposite effects. The mechanisms of action of GDNF to counter these adaptations associated with addiction are currently unknown. The rapid MAPK-mediated effect of GDNF on dopaminergic neurons in combination with GDNF's long-term actions to alter the level of TH (He & Ron, 2008) are possible candidates. These changes mediated by GDNF could lead to synaptic remodeling and change the responsiveness of the mesolimbic dopaminergic system and by doing so, counter the incentive and/or rewarding value of, and the neuroadaptations induced by, drugs of abuse. For example, it is plausible that activation of the MAPK signaling pathway by GDNF reverses the decrease in VTA dopaminergic cell size resulting from the downregulation of the insulin receptor substrate 2 (IRS2)-Akt signaling pathway, observed after chronic morphine administration (Russo et al., 2007) . Other growth factors such as the brain derived neurotrophic factor (BDNF) activate similar signaling pathways as GDNF (Papoutian & Reichardt, 2001 ). Interestingly, BDNF was shown to modulate biochemical and behavioral adaptation to drugs of abuse. For example, intra-VTA infusion of BDNF prevents the upregulation of TH levels induced by chronic morphine and cocaine administration (Berhow et al., 1995) . BDNF has been shown to potentiate cocaineseeking behaviors in the mesolimbic system (Lu et al., 2004; Graham et al., 2007) , but to negatively regulate ethanol-drinking behaviors within the dorsal striatum (McGough et al., 2004; Jeanblanc et al., 2006) . Interestingly, recently Esposito et al. (2008) found a direct crosstalk between the BDNF and the GDNF signaling pathway in neuroblastoma cell lines. It would therefore be of great interest to determine if such cross talk exists in the brain and whether it contributes to the action of these two growth factors.
Importantly, a growing number of studies support the possibility that GDNF-mimetics may be potent and selective agents to treat addiction. FDA-approved drugs such as cabergoline open new and promising avenues for the development of therapeutic approaches to treat addiction.
